Mature double-stranded DNA bacteriophages have capsids with symmetrical shells that typically resist disruption, as they must to survive in the wild. However, flexibility and associated dynamism assist function. We describe biochemistry-oriented procedures used to find previously obscure flexibility for capsids of the related phages, T3 and T7. The primary procedures are hydration-based buoyant density ultracentrifugation and purified particle-based cryo-electron microscopy (cryo-EM). We review the buoyant density centrifugation in detail. The mature, stable T3/T7 capsid is a shell flexibility-derived conversion product of an initially assembled procapsid (capsid I). During DNA packaging, capsid I expands and loses a scaffolding protein to form capsid II. The following are observations made with capsid II. (1) The in vivo DNA packaging of wild type T3 generates capsid II that has a slight (1.4%), cryo-EM-detected hyper-expansion relative to the mature phage capsid. (2) DNA packaging in some altered conditions generates more extensive hyper-expansion of capsid II, initially detected by hydration-based preparative buoyant density centrifugation in Nycodenz density gradients. (3) Capsid contraction sometimes occurs, e.g., during quantized leakage of DNA from mature T3 capsids without a tail.
Introduction
Bacteriophages (abbreviated, phages) are viruses that infect bacteria. Phages are used to investigate basic aspects of all biology. Double-stranded DNA phages, such as T3 and T7, consist of a protein capsid and a genome of double-stranded DNA. The genome is packaged in an internal cavity of the capsid (Harvey et al. 2009; Black and Thomas 2012; Serwer and Jiang 2012; Fokine and Rossmann 2014; .
Capsids must be stable in natural environments, which include gastrointestinal tracts in the case of coliphages, i.e., phages that infect Escherichia coli. For example, the related (Studier 1979) coliphages, T3 and T7, are not inactivated by the proteases, trypsin and subtilisin, although their outer shells are made of protein . Here, we will focus on these two phages (Fig. 1d ). To discuss a specific protein, the protein will be identified by Bgp^(gene product), followed by the number of the encoding gene. Homologous T3 and T7 genes have been given the same gene numbers (Pajunen et al. 2002) . The capsid of a mature phage consists of (1) an icosahedral (T = 7) shell of gp10, (2) a small, external tail, and (3) a co-axial internal stack of protein rings with an axial hole (gp8 connector and gp14/15/16 core stack; Fig. 1e ; Guo et al. 2013; Serwer and Jiang 2012) .
Phages T3 and T7 are chosen for analysis because of the relative simplicity of isolating intermediates in their assembly. This simplicity arises from the following. (1) The growth period is relatively short, 13-15 min at 37°C, which is useful for experimentation with both wild type phages and especially mutants/conditions with prolonged growth periods. (2) Host DNA is degraded (Center et al. 1970; Sadowski and Kerr 1970) and host protein synthesis is stopped (Schweiger et al. 1972 ) during infection, which reduces host interference with detecting, isolating, and characterizing assembly intermediates (Serwer 1980) . (3) The DNA genome is short enough so that viscosity of lysates is not problematic, even given that T3/T7 DNA packaging occurs with DNA genomes that are joined end-to-end to form a concatemer (Serwer and Watson 1981) ; concatemers are not further discussed here. These advantages do not co-exist with any other studied phage to our knowledge.
Two activities of phages T3 and T7 classify as the activities of bio-nanomachines. The first is the injection of DNA that initiates an infection. The second is the packaging of DNA that occurs during the assembly of an infective phage particle. Although phages provide relatively tractable model systems, the mechanisms of phage bio-nanomachine activities are not known. In determining these mechanisms, we adhere to the principle that one has to have a complete picture of the relevant biochemistry. We have been pursuing this biochemistry via the isolation of the relevant bionanomachines and related particles in intermediate states.
With this strategy, isolation technology and the concepts derived from it are so tightly linked that we discuss them together here. We focus on gp10 shell-related details potentially useful to understanding both DNA injection and DNA packaging. We begin with a more detailed description of phage DNA injection and DNA packaging.
DNA injection
Infection of a host bacterial cell begins with DNA injection from a phage particle. After interaction with membrane proteins (González-García et al. 2015) , the DNA molecule is injected through the outer membrane, murein layer, periplasmic space, and inner membrane of the Gram-negative host cell. To understand T3/T7 injection, attention has been focused on the gp14/15/16 core stack (Fig. 2a for T3/T7). The reasons are that (1) the T7 core stack proteins are seen by electron microscopy (EM) to externalize while forming a needle with a central channel (Serwer 1978; Serwer et al. 2008; Hu et al. 2013) , as illustrated in Fig. 2b , and (2) the T7 core stack proteins subsequently become associated with host outer and inner membranes (for reviews, see Molineux 2001; Leptihn et al. 2016) . Thus, the assumption is that T7 DNA is injected through the core stack-derived externalized needle, which we will call a DNA injection needle.
Phage T3 has the capacity to form a similar needle, as shown by the following. In the case of some T3 mutants, tails have a reduced frequency of assembly on capsids that had previously packaged a complete DNA genome (heads; Fig.  1d ; Serwer et al. 2014a) . During storage, T3 heads sometimes spontaneously extend a T7-like apparent DNA injection needle (Fig. 3 ). This needle is longer than the phage tail. A tail is seen on an occasional contaminating phage particle (arrow in Fig. 3b ). Thus, we will assume here that the genomically The assumption is almost always made that the gp10 shell of T3 and T7 is inert during DNA injection (inert shell model; for reviews see Molineux 2001; Leptihn et al. 2016) . The likely reason for this assumption is environmental stability of the phage shell. In the Data and means for obtaining it section, we will further discuss DNA injection.
DNA packaging: changes of the shell
During in vivo production of mature, infective T3/T7 phage particles, progeny capsids are assembled in a state (procapsid state) that differs from the mature capsid state. Capsids in the procapsid state (capsid I; Fig. 1a ) bind a DNA genome and package it (for reviews, see Fujisawa and Morita 1997; Serwer and Jiang 2012) . This sequence of events has been found to be universal among doublestranded DNA phages (for reviews, see Harvey et al. 2009; Serwer and Jiang 2012; Rixon and Schmid 2014; Rao and Feiss 2015) . This sequence has also been found for some eukaryotic viruses, including herpesviruses (for reviews, see Rixon and Schmid 2014) . Early in packaging, the procapsid converts to a more mature capsid (capsid II for T3/T7) (Fig. 1b, c) . In the case of T3/T7, the details of this conversion include (1) expansion observed by low-angle X-ray scattering (Stroud et al. 1981) and cryo-EM (Guo et al. 2014) , (2) loss of a scaffolding protein, gp9 (Fig. 1) , (3) change in the conformation of the gp10 major shell protein observed by cryo-EM (Guo Fig. 3 An apparent injection needle of phage T3. Phage T3 heads were obtained from lysates by a procedure that ends with buoyant density centrifugation in a cesium chloride density gradient and is described by Serwer et al. (2014a) . The heads were dialyzed against 0.2 M NaCl, 0.01 M TrisCl, pH 7.4, 0.001 M MgCl 2 , and stored at 4°C. We performed electron microscopy (EM) by negative staining with 1% sodium phosphotungstate, pH 7.6, as previously described (Serwer and Wright 2017 ). a-f Several different fields are shown, each with at least one particle that has an extension that appears to be a DNA injection needle Fig. 2 Illustration of the T7 DNA injection needle. The core stack proteins involved are indicated. The core stack structure is a simplified version of the structure in Guo et al. (2013) , with the injection needle configuration based on Leptihn et al. (2016) et al. 2014), and (4) conversion from a round to angular outline observed by negative-staining EM (Stroud et al. 1981 ) and cryo-EM (Agirrezabala et al. 2005; Guo et al. 2014 ; illustrated in Fig. 1) .
Intermediates in the gp10 shell dynamics of the T3/T7 capsid I-to-capsid II conversion are not, at this point, published. Some phage HK97 intermediates are accessible after procapsid assembly from recombinant proteins. Covalent inter-subunit cross-linking stabilizes them . The cross-linking occurs spontaneously during an HK97 infection (Popa et al. 1991) . In an ongoing study (P. Serwer and W. Jiang, unpublished) , we have used a hybrid strategy (biochemical isolation/cryo-EM) to obtain and determine the structure of T3 capsids in multiple intermediate states (five major states were found) between the capsid I and capsid II states.
DNA packaging: additional shell dynamics
An inert shell model is also used, usually tacitly, for DNA packaging events that occur after the procapsid-to-mature capsid conversion. For example, nanometry of phage phi29 and lambda DNA packaging sometimes reveals a sudden decrease to near zero of the force opposing packaging (for a review, see Chemla and Smith 2012) . The assumption is made that this decrease is the result of rupture of the capsid. The word Btrepanation^is sometimes used to describe the presumed hole . A trepanation is a hole drilled in a skull, as done by Louis Pasteur to produce rabies vaccines (Smith 2012) . A skull is a rigid object. Thus, the word Btrepanation^implies capsid shell rigidity. However, one can also explain the force drop by assuming hyper-expansion of the capsid's shell, i.e., shell flexibility.
Furthermore, the gp10 shell of T3 capsid II has recently been found to exhibit DNA packaging-associated flexibility beyond what is seen in the major wild type capsid I-tocapsid II transition. The flexibility is observed in capsids that are classified as capsid II, based on protein composition. The evidence begins with an unusually low capsid density during hydration-based buoyant density centrifugation in Nycodenz density gradients Wright 2016, 2017) . Nycodenz is a tri-iodinated benzene ringbased compound developed for buoyant density centrifugation (Rickwood et al. 1982) . The unusually low density is caused by unusually high hydration, caused, in turn, by impermeability of this capsid II to N ycodenz. Impermeability-derived hydration causes the density to progressively decrease as the gp10 shell radius increases (Serwer and Wright 2016) . We will review details of this technique, given its development via the investigation of capsid shell flexibility.
Data and means for obtaining it
Spontaneous DNA leakage from phage T3 When T3 heads are stored, they undergo partial DNA leakage (illustrated in Fig. 4 , left side; Serwer et al. 2014a ) in quantized amounts. Analysis of leakage begins with preparative rate zonal centrifugation in a sucrose gradient. Sedimentation velocity decreases as leaked DNA length increases. Leakage quantization is detected via agarose gel electrophoresis of the un-leaked DNA in each fraction of the sucrose gradient. For this analysis, the leaked DNA end is identified by digestion of the un-leaked DNA with a one-site restriction endonuclease, Bgl II (digestion site 44% of the genome length from the left genomic end), before electrophoresis. One obtains the un-leaked DNA for this analysis by (1) DNase I-digestion of leaked DNA segments and, then, (2) inhibition of the DNase I and expulsion of un-leaked (DNase-resistant) DNA segments. The electrophoretic DNA profile versus sedimentation rate (Fig. 4 , right side; Serwer et al. 2014a ) unambiguously shows the formation by the unleaked DNA of bands: five major bands and one minor band. The bands imply quantization of DNA leakage.
The leakage potentially occurs at only one of the two DNA ends. The left end of the packaged genome is (1) the last end packaged when the T7 packaging substrate is a concatemer in vivo ) and (2) the first end injected into a host cell (Pao and Speyer 1973; Zavriev and Shemyakin 1982) .
The un-leaked DNA is found to have the right end (RE in Fig. 4 ). This is concluded because the RE restriction fragment is not progressively shortened as the sedimentation velocity decreases in the DNA profile of Fig. 4 . The left end (LE) restriction fragment is progressively shortened. Therefore, the end that leaks from the capsid is the left end. The spontaneous leaking of DNA thus has the same polarity as DNA injection during infection.
Quantization of DNA leakage is a relatively new phenomenon observed, thus far, only with T3. Indeed, very unusual is the finding of any phage capsid with incompletely packaged DNA (ipDNA). Usually, DNA leakage is an all-or-none phenomenon. To our knowledge, an isolated non-T3 capsid with stable ipDNA has previously been observed only once (Sternberg and Weisberg 1975) and was not characterized.
The following are points to consider for determining how quantization occurs. In addition to DNA, T3 heads have only a gp10 shell, gp8 connector, and gp14/15/16 core stack (Fig. 1d) . The connector/core stack is in contact with only a small percentage of the packaged DNA. Thus, the connector/core stack cannot directly sense how much DNA is packaged. However, the connector/core stack might cause quantization via one of the following two possibilities: (1) measuring the amount of DNA that has leaked through it or (2) indirectly sensing the amount of packaged DNA via DNA conformation.
A signal to stop DNA leakage would most likely have no way to be quantized via DNA conformation, i.e., possibility (2), above. The reason is that DNA being packaged is disordered by thermal motion (Petrov and Harvey 2007; Forrey and Muthukumar 2006; Spakowitz and Wang 2005) . Thus, thermal motion is likely to be a major factor in disordering DNA during DNA expulsion also.
Measuring of the DNA leakage amount [possibility (1), above] is also unlikely. The reason is that the longer quantized DNAs of Fig. 4 are separated in length by at least 10× the length of the core stack. Details of how the core stack could be the source of quantization are, therefore, difficult to even conceive. Thus, the connector/core stack is not likely to be the source of quantization.
An alternative hypothesis is that the T3 gp10 shell is the source of quantization. The details of this hypothesis are the following.
(1) The gp10 shell has several quasi-stable states of different radius. After contraction from one state to a state of the next smaller capsid radius, the contraction stalls. (3) A stall triggers the gp8 connector ( Fig. 1 ) to clamp the DNA molecule, making the capsid stably less full by a quantized amount.
Shell-derived quantization is the most plausible for the following reasons.
(1) The number of major intermediate states during expansion of the gp10 shell (5; above) equals the number of major, leakage-generated ipDNA bands in Fig. 4 and Serwer et al. (2014a) . (2) In Serwer et al. (2014a) , native twodimensional agarose gel electrophoresis (2d-AGE) demonstrates DNA leakage-associated contraction of the T3 gp10 shell. The source of this conclusion is differential sieving by the gel; sieving increases as particle radius increases. The resolution of the 2d-AGE is, however, not sufficient to resolve the quantization. The procedure of 2d-AGE has previously been reviewed (Serwer et al. 1995) . We note that the total number of quantized states might be higher than 5. We have possibly detected only the major states here.
To explain why quantization of DNA leakage occurs, we will make the assumption that this quantization is an evolutionarily selected, not an accidental, property. We think that this assumption is covered by the following general principle. Order in biological nanomachine-associated events is likely to be evolutionarily selected. The reason is that, otherwise, thermal motion would have obliterated the order.
Then, the Bwhy^of leakage quantization is possibly the following. (1) Quantization of biological DNA injection is the original source of leakage quantization. (2) DNA leakage is accompanied by activation of the process of quantization that occurs during biological injection. By this hypothesis, quantization of biological DNA injection is a product of evolutionary selection for periodic stalling of biological DNA injection. The selective advantage of the stalling is avoidance of malfunctions caused by DNA injection too rapid for phageinduced modifications of the host cell. This hypothesis includes the proposals that (1) each stall is accompanied by clamping of DNA by the connector/core stack and (2) a stall continues until the capsid receives feedback that needed modifications have been made in the host cell.
DNA packaging-associated shell flexibility and dynamism
Isolation/characterization studies reveal flexibility of the shell of T3 capsid II during in vivo DNA packaging. Some flexibility is found via the isolation of hyper-expanded capsid II (Serwer and Wright 2016) , as reviewed below. Additional flexibility, accompanied by dynamism, is observed when some ipDNA-containing, hyper-expanded capsid II is contracted in vitro by incubation with magnesium ATP at physiological ATP concentration (Serwer and Wright 2017) . The contraction does not occur with ADP at the same concentration. Supra-physiological ATP concentration also has an effect, but a destructive one; the capsids disintegrate (Serwer and Wright 2017) . Investigations of these phenomena are part of the analysis of DNA packaging. Further tests of models are ongoing. Here, we insert two subsections different from the above sections in that we present some details of the means by which novel, radius-altered capsids can be isolated. The fractionation procedure is buoyant density ultracentrifugation (BDU). This procedure has the advantage of concentrating particles during fractionation.
BDU: typical use BDU typically fractionates by particle density, not by particle size. The density of a particle is determined primarily by its composition, including co-sedimenting water of hydration. However, DNA water of hydration decreases as water activity decreases. Within a single density gradient, water activity is a decreasing function of density (Costello and Baldwin 1972; Hearst and Vinograd 1961a, b) . If this function is relatively weak, DNA can have an equilibrium hydration of as much as 3.1 g water/g sodium DNA (Serwer 1975) . DNA has an equilibrium density of~1.7 g/mL during buoyant density centrifugation in a cesium chloride density gradient, which has a relatively strong water activity versus density relationship (Hearst and Vinograd 1961a) . However, when the density gradient-forming compound is made either more massive or more dense (or both; water activity higher at any given density), the equilibrium DNA density can be as low as~1.14 g/ mL because of higher hydration (Serwer 1975) .
If the water activity is high enough, one can fractionate by steric hydration restriction (Costello and Baldwin 1972; Serwer 1975 ). For DNA packaged in a phage particle, an example of steric hydration restriction is the absence of room for all water that unpackaged DNA binds. Steric hydration restriction has been used during BDU to fractionate infective phages lambda and T7 by the amount of DNA packaged. Steric hydration restriction is typically not observed in cesium chloride density gradients because of low DNA hydration in all packaged states (Serwer 1975) .
The larger compounds used for density gradients include (1) lithium silicotungstate (Hearst and Vinograd 1961a) , (2) sodium iothalamate (Serwer 1975) , (3) Metrizamide (Rickwood and Birnie 1975) , and (4) the Metrizamide-and iothalamate-related, radio-opaque compound, Nycodenz (Rickwood et al. 1982) . The latter three all have tri-iodinated benzene rings with solubilizing groups added. Even larger, dimerized versions exist, but are not further discussed here. The original work with sodium iothalamate, Metrizamide, and Nycodenz was done by preparative centrifugation. One way to obtain fractions of these gradients is by dripping through the bottom of a centrifuge tube. A device used is sketched in Fig.  5 . Details for its use are in the caption to Fig. 5 .
Restriction of the dripping rate to < 1 drop per 1.5 s is needed to avoid viscosity-driven asymmetric band spreading with some density gradients (Serwer 1975) . Included are density gradients of Nycodenz, Metrizamide, and iothalamate salts. The refractive index is sometimes used to determine the densities of fractions. If used with density gradients formed by the latter three compounds, then the refractive index should be measured within 30 min of fractionation. This strategy avoids effects of evaporation. Viscosity-driven band spreading is not a problem with cesium chloride density gradients. Also, evaporation is slower with cesium chloride density gradients because of lower water activity.
BDU: fractionation by capsid permeability
If a BDU-fractionated capsid is impermeable to the density gradient-forming compound, then the capsid's internal cavity has no density gradient-forming compound. Thus, the capsid behaves as though more hydrated and less dense than it would have been if not impermeable. Also, the capsid's outer shell cannot have a hole larger than the density gradient-forming compound. Thus, capsid density (θ) becomes a criterion for intactness of the capsid's shell.
In addition, the density of such an impermeable capsid decreases as the capsid radius (and hydrated volume, V h ) increases. The reason for this is the increase in effective hydration (Γ) as the radius of the internal cavity increases. This relationship exists even if anhydrous capsid mass (M) remains constant. Equations 1 and 2 quantify these relationships for a capsid of invariant M and anhydrous specific volume, v (Costello and Baldwin 1972; Serwer 1975) :
For any given particle being fractionated by BDU, the probability of impermeability increases as the density gradient-forming compound's molecular weight increases.
The molecular weights of Metrizamide and Nycodenz are 789 and 821, respectively. One detects impermeability in one or more of the following ways. (1) Γ (Eq. 2) is higher than expected from bound water of hydration. (2) The density reversibly reverts to an expected, higher density when slightly smaller compounds are used to form the density gradient (Serwer 1975 (Serwer , 1980 . (3) Assays for binding to the particle interior reveal permeability restriction (Khan et al. 1992) .
The above points are illustrated by analytical BDU in Nycodenz density gradients. Recently, fluorescence detection has made this possible. Fluorescence detection is needed because Nycodenz density gradients are too ultraviolet light adsorptive and too refractive (light is refracted out of the range of the detector) to use other optics. Figure 6 shows Nycodenz analytical BDU, with fluorescence detection, of (1) a Nycodenz-impermeable (by all three criteria above; Serwer 1980; Khan et al. 1992) , Nycodenz low-density (NLD) wild type T3 capsid II, (2) T3 DNA (D), (3) a Nycodenz-permeable, Nycodenz high-density (NHD) T3 capsid II, and (4) a complex of T3 DNA and a Nycodenz-permeable T3 capsid (D-C). These four samples are in three separate cells in the same rotor, all with the same starting density. Note that the DNA-capsid complex is closer to the DNA than it is to the NHD capsid, even though this complex has roughly equal amounts of anhydrous protein and DNA. The primary reason is that the DNA has more bound water than the capsid. Parenthetically, the largest hole in NLD capsid II is at the connector, based on assays for the binding of dyes to the particle interior (Khan et al. (1992) .
NLD and NHD capsid II are obtained from lysates of wild type T3-or T7-infected Escherichia coli. NLD capsid II is the same as Metrizamide low-density capsid II, first isolated by Serwer (1980) . Nycodenz replaces Metrizamide commercially. Both NLD and NHD capsid II are generated during DNA packaging in wild type T3-and T7-infected cells, but these capsids detach from DNA during or after cellular lysis (Serwer 1980) . Finally, we note that, empirically, preparative Nycodenz density gradients are usually not at equilibrium and are nonlinear when appropriate for BDU (Rickwood et al. 1982 ). None of the previous studies of T3/T7 capsids used equilibrium density gradients. Simulated results at equilibrium are shown in Fig. 7 for centrifugation speeds of 40,000 rpm (red), 50,000 rpm (green), and 60,000 rpm (blue), and centrifugation time more than sufficient to form bands of T3 capsids and phage. Via UltraScan software (Demeler and Gorbet 2016; Demeler et al. 2017) , we are working on algorithms for optimizing fractionations and obtaining Nycodenz densities after analytical BDU.
Results relevant to DNA packaging BDU in Nycodenz density gradients reveals that some NLD capsid II particles have an altered gp10 shell. In one study, phage T3 was first adapted to propagation in medium made to be cell shrinking by adding 0.94 M sucrose. Before fractionation in a Nycodenz density gradient, capsid II was isolated The centrifuge tube is placed in the glass sleeve (truncated glass storage tube) that has a rubber cork at the top. The blunt end of the syringe needle (pink) protrudes from this rubber cork. To close the sleeve, a second rubber cork is snugly inserted in the sleeve's open end and pressed against the centrifuge tube. This bottom cork has an 18-gauge needle inserted through its middle; the tip of the needle has been cut away. The centrifuge tube is sealed against the bottom cork by placing grease, typically silicone grease, around the needle in the bottom cork. To puncture the tube bottom, a 28-gauge needle is inserted through the 18-gauge needle in the bottom cork. The 28-gauge needle is pushed against the centrifuge tube bottom until puncture occurs. The atmospheric pressure inside of the sleeve is controlled with a finger placed on the blunt end of the top needle. At the time of puncture, the pressure is raised to prevent an air bubble from rising in the gradient and causing mixing. To collect and fractionate the gradient, the pressure is lowered to the point that drops fall from the bottom needle at the desired rate with the final step being BDU in a cesium chloride density gradient (Fig. 8a) . The capsid II of Fig. 8a (labeled CII, next to density in g/mL) was then subjected to BDU in a Nycodenz density gradient. Both NHD capsid II (NHD in Fig. 8b ) and NLD capsid II (called U-NLD in Fig. 8b for reasons given below) were observed. U-NLD capsid II floats to the upper surface of the Nycodenz density gradient (light scattering detection: Fig. 8b ). In contrast, wild type NLD capsid II, in a separate experiment, forms a band at the position marked WT-NLD in Fig. 8b . Densities (g/mL) are next to these labels in Fig. 8b .
The floating of the mutant U-NLD capsid II indicates ultralow density, < 1.06 g/mL. This is 0.02-0.04 g/mL lower than the density of wild type NLD capsid II. This ultra-low density is the reason for the U-NLD nomenclature. By Eq. 1, the U-NLD status indicates an average capsid radius at least 8% larger than the radius of wild type capsid II. Close examination reveals that the U-NLD capsid II band is also unusual in having relatively high granularity and slightly green tint. Capsid bands are typically blue-tinted. Both of these characteristics imply aggregation of the capsids. The green tint occurs because of multiple (Mie) scattering of a light quantum (Ye et al. 2009 ). It does not occur because of contamination.
In confirmation of visual analysis, EM of U-NLD capsid II confirms aggregation (Fig. 9; Serwer and Wright 2016) . In Serwer and Wright (2016) , (1) the protein composition is found to be that of T3 capsid II, (2) analysis of the EM images confirms the hyper-expansion and low permeability, and (3) the EM also reveals some contracted capsid II, as also seen in Fig. 9 . A single particle of conventional capsid II is indicated by C-CII in Fig. 9 . No DNA was present in U-NLD capsid II, in analogy with wild type NLD capsid II. The DNA being packaged had been lost during either cell lysis or subsequent purification. Visual analysis of the color and texture of bands, such as the U-NLD band in Fig. 8b , provides a guide for subsequent more detailed analysis. This guide is especially useful when fractionating intermediates, because of the variability of potential results.
For U-NLD capsid II, both the aggregation and the loss of DNA are limitations to further analysis. However, NLD Fig. 6 Analytical Nycodenz buoyant density ultracentrifugation (BDU). Four 0.25-mL solutions of Nycodenz (initial density = 1.313 g/mL) were centrifuged to form an equilibrium Nycodenz density gradient at 50,000 rpm, 20°C in Epon-charcoal two-channel centerpieces (Beckman-Coulter) with a bottom position at 7.2 cm, meniscus position at 6.5 cm. Particles were stained with either SYBR Green (1/10,000 dilution) or Alexa 488 obtained from Life Technologies (product #A20000; Grand Island, NY). The SYBR Green was added to the Nycodenz solution used to form the density gradient and revealed nucleic acids via non-covalent binding and fluorescence enhancement. The Alexa 488 was covalently bound to proteins; unbound Alexa-488 was removed by dialysis before centrifugation. The sample was detected with confocal microscope optics and a scanning laser that had a 488-nm output wavelength and that excited green fluorescence in GelStar and Alexa 488. We used an AVIV fluorescence detection system (AVIV Biomedical, Inc., Lakewood, NJ). The fluorescence profiles of the following three samples are shown: (1) Alexa 488-stained, dialyzed T7 Nycodenz low-density (NLD) capsid II (black plot with peak labeled NLD), (2) Alexa 488-stained, dialyzed T7 Nycodenz high-density (NHD) capsid II (red plot with peak labeled NHD) (3) DNA expelled from T7 phage at 51°C and stained with SYBR Green, undialyzed (blue plot). Capsid-free DNA forms the blue peak labeled D; a DNA-NHD capsid complex (DNA outside of the capsid) forms the blue peak labeled D-C. The arrow indicates a variant of NLD capsid II Fig. 7 Schematic view of the effect of centrifugation speed on the density gradient. The gradient-forming material (unitary loading concentration, horizontal black line) changes its distribution in the direction of a steeper gradient when the centrifugation speed increases (red: 40,000 rpm; green: 50,000 rpm; blue: 60,000 rpm). The banding position of the particle changes in response (points A, B, and C). The gray line represents the initial density of the Nycodenz solution; the purple line represents the density of a particle being fractionated. The purple line is a first-order approximation in that particles will typically have a density that varies with water activity (and, therefore, Nycodenz concentration) and hydrostatic pressure. The simulation used a Nycodenz molar mass of 821 g/mol and a Nycodenz partial specific volume of 0.483 mL/g capsid II from another directed evolution-derived T3 mutant is isolated un-aggregated (Serwer and Wright 2017) . This NLD capsid II also has ipDNA (ipDNA-capsid II), as judged by gel electrophoresis after expelling DNA. Hyperexpanded ipDNA-capsid II particles are used for the study of the effects of magnesium ATP, as discussed at the beginning of this section (Serwer and Wright 2017) .
To advance the usefulness of the above procedures, we are further investigating (1) the (complex) details of how the density of NLD ipDNA-capsid II depends on the length of ipDNA in Nycodenz density gradients and (2) the use of alternative density gradients that identify impermeable capsids, while also providing a means to use density to determine the length of ipDNA.
Discussion

Related past data from several phages
Given the recent data on T3 capsid II flexibility, one naturally asks whether related past data exist for T3/T7 and other phages. Evidence of mature shell (in contrast to procapsid or intermediate shell) flexibility for phage HK97 is the finding by cryo-EM that, after loss of DNA, the capsid's shell Bbows out^more than it does before loss of DNA (Duda et al. 2009 ). This observation is similar to the observation that purified Fig. 9 EM of U-NLD capsid II. The specimen was prepared by negative staining with 1% sodium phosphotungstate, pH 8.6, as described by Serwer and Wright (2016) . The arrow marked C-CII is a rare particle of conventional capsid II, i.e., a particle indistinguishable from the capsid II obtained from lysates of wild type T3-infected cells. The unusually high electron transparency of other particles is caused by impermeability to the negative stain. All particles are capsid II. Most particles appearing either larger or smaller than conventional capsid II really are larger or smaller, as discussed in detail by Serwer and Wright (2016) . [Image reproduced from Serwer and Wright (2016) Su-1 in medium with 0.94 M sucrose. The infected cell lysate was processed and subjected to centrifugation in a cesium chloride step gradient. The capsid band of the step gradient was subjected to buoyant density centrifugation in a cesium chloride step gradient, all as described by Serwer and Wright (2016) . Light scattering from T3 Su-1 capsids is shown after: a the buoyant density centrifugation in a cesium chloride density gradient and b a subsequent buoyant density centrifugation in a Nycodenz density gradient (Serwer and Wright 2016) of particles from the capsid II (CII) band region of the cesium chloride density gradient. M, meniscus; B, bottom of centrifuge tube. The numbers at the right of a centrifuge tube indicate the density in g/mL wild type T7 NLD capsid II is 1.4% hyper-expanded relative to the gp10 shell capsid of a T7 phage particle (Guo et al. 2014) . Similar hyper-expansion is observed for wild type T7 capsid II captured directly from a lysate using an affinity support. The affinity is from anti-T7 phage serum (Yu et al. 2014) . For the following reason, intermediate status for NLD capsid II (Serwer 1980 ) raises the possibility that energy stored in the shell is released during DNA packaging. Work must be done against the internal DNA pressure to go from DNA unpackaged to DNA packaged state. The logic of this consideration is independent of the observation of the effects, described above, of ATP on T3 capsid shells. Finally, evidence exists for ATPase activity of capsid I-associated T3 gp10 (Hamada et al. 1987 ) and the major shell protein of phage T4 (Rao and Black 1985b) .
Early studies of phage T4 include EM of thin sections to characterize DNA packaging intermediates. This technique has potential for the investigation of shell flexibility in the future. One lesson from the early studies is that EM of thin sections can reveal intracellular capsids that are not found during isolation/characterization (Kellenberger et al. 1967) .
A second lesson is that ipDNA-containing capsids are detectable by EM of thin sections. In a study of phage T4, ipDNA-containing capsids are observed as the Bgrizzled^par-ticles of Schaerli and Kellenberger (1980) , for example. These particles appear to be intermediates of DNA packaging and are potential targets of future, more advanced studies.
An essential foundation for these and future studies is past investigation of specimen alterations (artifacts) generated by dehydration/embedding and thin-sectioning for EM. Compression effects during thin-sectioning occur. Lickfeld et al. (1977) demonstrated that the radius of Epon-embedded particles before compression is the radius observed by EM in a direction perpendicular to the direction of the compression. Based on comparison of dimensions of phage particles in solution to the latter dimension in thin sections, a~12% shrinkage in dimensions occurs during dehydration/embedding (Lickfeld et al. 1977) .
Finally, the observed radius of capsid shells is not distorted by non-inclusion in a section of a capsid's equator. The reason for this is that shells are not seen with clarity unless the section includes the equator (Lickfeld et al. 1977) . Thus, although artifacts occur, relative dimensions can be interpreted realistically.
A more recently developed, less artifact-prone alternative to thin-sectioning is cryo-EM of intracellular phage and capsids. This procedure can be integrated with tomography to obtain images sufficient to determine shell radius (Chaikeeratisak et al. 2017; Dai et al. 2013 ). The latter reference enhanced contrast with a phase plate and achieved 50-70 Å resolution during 3D reconstruction of intracellular cyanophage Syn5, its procapsid, capsid II homolog, and heads. Phase plates became more generally available when their production was developed via a beam-induced (Volta) potential on a thin film (Danev et al. 2014) . Additional advances are expected in this area in the future.
Obtaining and using assembly intermediates
The obtaining of a complete set of assembly intermediates is a prerequisite for understanding mechanisms of any assembly process, including phage DNA packaging. However, the following conundrum exists. We do not know how to isolate the needed intermediates until we isolate them. Likely limitations to any isolation are (1) instability of intermediates and (2) short life of intermediates during assembly. One way to resolve this conundrum is to use current data to design and pursue novel isolation procedures. Several extensions of the previous procedure can be used.
The first extension is the introduction of more discriminating, gentler fractionation. Hydration-based BDU (i.e., the use of relatively large, dense compounds for density gradient formation) is one possibility, as illustrated here. Hydration-based BDU has the advantage of sometimes fractionating by permeability. In general, impermeable particles are likely to have been functional when intracellular, although possibly altered during isolation. This conclusion derives from the perfection of sealing required for impermeability. This sealing is not likely to be accidental because of the complexity of gp10 interactions in the shell (Guo et al. 2014) . Sealing perfection, therefore, is likely to have been generated by selection during evolution. Selection during evolution implies function. Specifically, retention of the NLD characteristic by hyperexpanded T3 capsid II implies the likelihood of function for the hyper-expansion.
Characteristics lost during isolation can include the presence of a loosely attached enzyme. Thus, as isolated, an intermediate may not progress in the assembly pathway in vitro, as a native intermediate would. Indeed, isolated (DNA-free) wild type T7 capsid II does not have gp19 terminase (Serwer 1980; Serwer and Wright 2017) and does not package DNA in vitro, although co-fractionated capsid I does package DNA in vitro (Masker and Serwer 1982) . Nonetheless, capsid II is an intermediate, based on kinetics of appearance (Serwer 1980) . Indeed, the T4 equivalent of T3/T7 capsid II does package DNA in vitro (Rao and Black 1985a) . The loss of DNA packaging capacity occurs either during cellular lysis or during subsequent fractionation. Loss of packaging capacity by isolated intermediates blocks the analysis of these intermediates by in vitro DNA packaging, but does not negate intermediate status.
Coupling of hydration-based BDU with the use of a multisite T3 mutant yields ipDNA-capsid II particles. Some ipDNA-capsid II particles have the NLD characteristic (Serwer and Wright 2017) , which supports assumption of intermediate status. These particles are a step closer to the functional, native in vivo intermediate. However, the ipDNAcapsid II particles have the limitations that gp19 terminase is not present and that the DNA substrate is cleaved (prematurely). Obtaining intermediates without these two limitations is the next objective. The mutant used to obtain ipDNA-capsids is a product of directed evolution (Serwer and Wright 2017) .
The use of directed evolution-derived mutants is a second extension of conventional procedure. This extension has, in the past, been limited by impracticality of thorough genomic characterization of multi-site mutants. Complete genomic characterization has been made practical, within the last5 years, by advances in whole-genome sequencing technology, as illustrated by Serwer et al. (2014a) .
The third extension is the use of atypical propagation conditions, including conditions closer to those in the wild. Examples of the latter conditions are lowered water activity and the presence of polymers. In Serwer and Wright (2016) , this extension is integrated with directed evolution and hydration-based BDU to obtain the U-NLD capsid II particles. We suspect that more advanced versions of the above procedural extensions will be needed to obtain DNA packaging intermediates less altered than our current ipDNA-capsids.
Variations of the above extensions are likely to apply to motors other than DNA packaging motors. In general, phage DNA injection and packaging provide models for developing both concepts and fractionation/characterization technology for understanding other bio-nanomachines. Our current work implies, at the least, that inert shell models should not be used uncritically for any virus.
Identifying and ordering assembly intermediates
Kinetics of appearance are sometimes used for obtaining the first rendition of (1) what the intermediates are and (2) temporal ordering of the intermediates. After an intermediate first appears post-infection, the amount of the intermediate increases as it is progressively generated from a precursor. Then, the amount decreases as the intermediate is converted to a successor in the production of the final product. The final product is a phage particle in our case. Phage particles progressively increase in amount with time, as do abortive end products of assembly.
Previously observed abortive end products include hollow, cylindrical mis-assemblies of T7 gp10. These mis-assemblies are sometimes called polycapsids. The polycapsids have gp10 shell gaps of at least 2 nm and do not display impermeability to Metrizamide, i.e., they have NHD status (Serwer 1980) . NHD status is likely to occur for all end products made abortive by gp10 organization.
Reasons exist to further test a temporal order deduced above. For example, intermediates have kinetics that are also kinetics of particles that undergo disintegration (either intracellular or extracellular) after being produced. The following reason exists for assuming disintegration to be only a remote possibility for capsid II and equivalent capsids for other phages. These capsids resemble mature phage capsids in their stability in vitro (see Serwer et al. 1982 for T3/T7). Furthermore, in vivo phage capsid disintegration has never been reported, to our knowledge. Nonetheless, the next section describes further tests.
Pathway analysis: modification for DNA packaging
The following is the classical (and successful) test used for ordering step-by-step pathways of the addition of proteins to form phage tails and tail fibers. First, conditional lethal mutants are obtained. Each mutant specifically blocks synthesis of one needed protein. Then, for each protein, a candidate is obtained for substrate on which the protein will assemble. One does this by observing what accumulates when the protein is missing. A candidate is confirmed if it progresses in the pathway when the missing protein is provided in vitro. Provision of the missing protein was originally done by the use of extracts of mutant-infected cells.
Finally, the substrates (intermediates) are ordered in the direction of increasing assembly (original studies: Edgar and Wood 1966; Wood et al. 1968) . In more recent studies of the T4 tail, purified, recombinant proteins are used to provide missing proteins; 3D structures are determined by cryo-EM (for reviews, see Leiman et al. 2010; Arisaka et al. 2016 ).
This strategy, however, does not work with DNA packaging. The reason for this is that DNA packaging pathways typically have numerous intermediates that do not progress via the addition of a protein. DNA packaging proteins are pre-assembled. Progress involves coordinated, cyclical changes in the pre-assembled motor.
Thus, phage DNA packaging is typically analyzed with details obscured. An instructive analogy is embedded in the following question. If a visitor from another planet does not know Earth-based engine technology, could this visitor learn the mechanisms of an automobile engine by the analysis of an automobile with the engine obscured by a closed hood? Visual inspection will not provide much information.
The visitor could obtain constraints by placing a mechanical sensor on the hood and characterizing motor vibrations. BSensor-on-hood^strategy is analogous to nanometry-based strategy with DNA packaging. However, in both cases, more than one explanation will exist for each vibration pattern. Thus, these strategies are misleading if too much reliance is placed on them.
In addition, one might try to deduce the mechanism by (1) maiming the automobile engine via the launching of various physical and electromagnetic projectiles at the automobile and (2) observing changes in motor function. This approach has some analogy with extending traditional genetic strategy to DNA packaging motors. One is likely to get interesting data.
But, again, the data will have more than one explanation. Imagine, for example, that the automobile has a hybrid electrical/internal combustion engine and, therefore, has more than one cycle.
We contend that a naïve investigator has to (1) look under the hood and beneath the engine (cylinder) head, and (2) watch the engine undergo a cycle(s), in order to understand the motor that moves an automobile. The strategy discussed here is one attempt at analogous biochemistry-based analysis for DNA packaging motors. The obscuring effect of the car hood is analogous to the obscuring effect of not knowing the DNA packaging intermediates. Intermediates-based strategy also can produce opportunities for practical uses of isolated intermediates (for example, see Serwer et al. 2014b ). This strategy is projected to complement (not to replace) the various procedures of real-time single-molecule analysis.
The information from intermediates-based strategy is increased when an intermediate is active in vitro in conditions compatible with the detection of progression of the intermediate toward the end product. Even more information is obtained if the progression can be monitored in real time at nanometer or better resolution. To accomplish the latter objective, one recent, promising development is high-speed (~10 images per second), tapping mode atomic force microscopy (AFM; reviewed by Li et al. 2017) . In this procedure, a very fine probe is raster-scanned across the specimen and the specimen's effect on the probe is measured via the effect on a probe-attached cantilever. AFM requires the attachment of the specimen to a solid surface, typically mica. If the intermediate remains active after attachment, then high-speed AFM should be capable of detecting transitions in the dimensions and surface properties of the shells of intermediates. Relevant transitions include the ATP-induced shell transitions of Serwer and Wright (2017) . Thus, high-speed AFM is one possible technical advance for the future.
